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Abstract  
t n  t h e  s t a t e  of Leidenfrost  boi l ing ,  l i qu id  drops a r e  obseryred t o  v ibra te  i n  a va r i e ty  of modal pa t terns .  
Theories a r e  presented which p red ic t  t he  frequency of oscil1,l t ian a ~ d  show t h a t  t h e  observed modal pa t t e rns  
of drops correspond t o  the  minimum energy osc i l l a to ry  exc i t a t i on  s t a t e .  High-speed photographic techniques 
were used to  record these motions and subs t an t i a t e  the theor ies .  An i nc ip i en t  temperature was a l s o  found 
f o r  water drops i n  f i lm boi l ing  below which f r e e  o sc i l l a t i ons  do not  e x i s t .  I n  addi t ion  t o  these  o sc i l l a -  
t i ons ,  photographic ser;\tences a r e  presented which show t h a t  wave motion can e x i s t  along the. circumference 
of the  drop, Following the study of f r e e  o sc i l l a t i ons ,  the  system was mounted on a shaker t a b l e  and the  
drop subjected t o  a range of forced frequencies and acceleratiolis .  
NOMENCLATURB INTRODUCTION 
equilibrium radius  of drop 
amplitude coe f f i c i en t  
dimensionless, a ,  see  t ab l e  I 
drop height correc t ion  f a c t o r ,  s ee  eq. (14) 
po ten t i a l  energy of drop 
phase f a c t o r  
frequency 
l o c a l  accelera t ion  
g rav i t a t i ona l  constant 
equilibrium drop height 
dimensionless drop height,  s ee  t ab l e  I 
a x i a l  wave number 
c h a r a c t e r i s t i c  length,  s e e  t a b l e  I 
ci rcumferent ia l  wave number 
pressure d i f ference  across  i n t e r f ace  
frequency 
drop radius  of curvature 
drop radius  of curvature 
r a d i a l  pos i t i on  of surface  
time 
drop volume 
dimensionless drop volume, see  t a b l e  I 
coordinate 
angle cu t  on t e s t  p l a t e ,  see  Fig. 3 
angle, s ee  Fig .  5 
c r i t i c a l  wave length 
c i rcumferent ia l  wave length 
a x i a l  wave length  
l iquid  dens i ty  
vapor dens i ty  
surface tens ion 
I n  1756, Leidenfrost  (Ref. 1) a German doctor of 
medicine placed a small  drop of water on a red h o t  
motionless spoon. He peered a t  a quie t  c l e a r  crys- 
t a l l i n e  drop which f loa ted  i n  t h e  s2oon. The drop 
appeared l i k e  a br ight  shiny diamond. For l a rge r  
volumes of water on a f l a t  hot  surface,  these  drops 
(Refs. 2 and 3) can undergo v ib ra t iona l  o sc i l l a -  
t i ons  of s t r i k i n g  beauty. I n  such a manner, t he  
f r e e  and forced o s c i l l a t i o n s  of a deformable body 
can be  studied inexpensively and conveniently. 
Holter and Glasscock (Ref. 2)  f i r s t  presented 
yhotpgraphic evidence t h a t  l a r g e  drops i n  Leiden- 
f r o s t  bo i l i ng  can undergo l a r g e  amplitude vibra- 
t i ons  s imi lar  t o  the  va r i e ty  of modal-patterns 
shown i n  Fig. 1. One complete v ibra tory  period of 
t he  four mode pa t t e rn  is  shown i n  Fig. 2. As seen 
i n  these  phatographs, drops can under d is t incL vi-  
b ra t ions  i n  a s i n g l e  mode. 
Holter and Glasscock (Ref. 2) were unable t o  analyt-  
i c a l l y  co r r e l a t e  t h e  n a t u r a l  frequencies of the  v i -  
b ra t ion  using t h e  spher ica l  drop theor ies  presented 
i n  Refs. 4 and 5. Unaware of Ref. 2, Schoessow and 
Baumeister (Ref. 3) rediscovered the  phenomena. 
They were able  t o  co r r e l a t e  the  na tu ra l  frequencies 
of t h e  drop by extending t h e  spher ica l  theory of 
Rayleigh (Ref. 4 )  t o  include cy l ind r i ca l  coordinates 
(pancake ahaped drops). I n t e r e s t  i n  t he  e f f e c t  of 
drop v ibra t ions  on the  combustion process,  f o r  ex- 
ample, has st imulated contjttuing ana ly t i ca l  research 
i n t o  the  v ib ra t ion  and dorormation of t he  l i q u i d  
drops (Refs. 6 and 7) .  This phenomenon may a l so  bc  
of i n t e r e s t  t o  t h e  hent t r ans fe r  s p e c i a l i s t  who i s  
concerned with t he  fundamentals of t he  bo i l i ng  
process,  o r  the  t heo re t i ca l  physic is t  who sometimes 
needs a physical  model t o  explain complex in t e r -  
ac t ions  of t h e  nucleus, such a s  the popular water 
drop model of Bohr and Wheeler used i n  explaining 
nuclear f i s s i o n .  These modes of o s c i l l a t i o n  might 
a l s o  be used a s  an analog t o  help i n  t h e  under- 
standing of v ibra t ions  i n  s t ruc tu re s ,  a s  wel l  as  a 
v i s u a l  model of acoust ic  sources.  
A model f o r  fhe  na tu ra l  frequencies f o r  a given 
modal pa t t e rn  were presented i n  Ref. 3; however, i t  
d id  no t  consider the  problem of what modal pa t t e rns  
would e x i s t  f o r  a given s i z e  drop, o r  why a c r i t i c a l  
temperature e x i s t s  below which f r e e  v ib ra t ions  f o r  
water no longer occur. The present  paper addresses 
STAR category 3:. 
these  problems and f o r  t he  f i r s t  time presents  
photographic sequences which show t h a t  wave motion 
can e x i s t  along t h e  circumference of the drop. I n  
addi t ion  t o  t h e  study of f r e e  o sc i l l a t i ons ,  t he  
system was mounted on a shaker tabln  and t h e  drop 
subjected t o  a range of forced frequencies and ac- 
ce lera t ions .  Free osc i l l a t i ons  w i l l  be considered 
f i r s t .  
FREE OSCILTATION 
Free o s c i l l a t i o n s  a r e  s a i d  t o  occur when a drop vi-  
b ra t e s  i n  Leidenfrost  f i lm  bo i l i ng  on a f ixed hot 
p la te .  This is i n  con t r a s t  t o  an experiment t o  be 
performed l a t e r  i n  which a hot p l a t e  i s  mounted on 
a shaker t a b l e  and forced t o  v ib ra t e  a t  frequencies 
near the  na tu ra l  frequencies of t he  drop. 
Aparatus. Fig. 3 i s  a schematic aiagram of the  
f r e e  o s c i l l a t i o n  t e s t  apparatus. Tile apparatus i s  a 
hot  p l a t e  on which drops can undergo f i lm boil ing.  
When a drop of water is  placed on t h e  hot p l a t e  a t  
temperatures i n  excess of 2.60' C, t he  vapor bubbles 
generated a t  t h e  p l a t e  a r e  of s u f f i c i e n t  number t h a t  
they coalesce and i n s u l a t e  t he  drop from the  hot  
surface.  Then, t he  drop can f l o a t  qu ie t ly  on a 
cushion of its own vapor. This i s  ca l l ed  Leiden- 
f r o s t  f i lm  boi l ing .  Film boi l ing  is  an extremely 
poor means of removing heat;  therefore ,  the  l i f e  
time of t h e  drop on t h e  p l a t e  is  r e l a t i v e l y  long, 
from 1 t o  I0 minuLas depending on t h e  i n i t i a l  vol- 
ume of t he  drop, p l a t e  temperature and f lu id .  
The vapor l aye r  between the  drop and the  surface  
reduces t he  f r i c t i o n a l  drag on t h e  drop and allows 
i t  to  f r e e l y  v ib ra t e  i n  pa t terns  such a s  i n  Figs.  I 
and 2. To v i sua l i ze  these  pat terns ,  a high speed 
motion p i c t u r e  camera was used t o  d e t e ~ r n ~ n e  t h e  
frequency of o s c i l l a t i o n  and rart-ius of t he  3rop a t  
iifq time. 
Various p l a t e s  ranging from 8 t o  15 cm i n  diameter 
and various mater ia ls  (aluminum, s t a i n l e s s  s t e e l ,  
brass) were used i n  t he  study. The abserved phe- 
nomena were genera l ly  found to  be independent of 
these var iables .  A s l i g h t  dishing of t h e  p l a t e  
(angle of lo t o  5') was used t o  prevent t he  drop 
from f loa t ing  across  t h e  surface.  
I n  general ,  t h e  -,umber of nodes formed by a drop 
increases  wi th  t h e  r ad ius  of t h e  drop; t h a t  is, 
the  e ight  node drop shown i n  Fig. 1 i s  considerably 
l a r g e r  than t h e  drop with four nodes. At l a r g e  
drop volumes, t h e  vapor pressure beneath t h e  drop 
increases  i n  magnitude so t h a t  t he  vapor breaks 
through t h e  center  of the  drop. The bubble break 
through process l i m i t s  t he  number of nodes f o r  water 
depending on t h e  p l a t e  angle a.  As pa r t  of t h i s  
study, a p l a t e  was cu t  with an angle of 5' t o  in- 
crease  the  thickness of t he  water drop a t  i t s  cen- 
t e r .  I n  experiments on t h i s  hot  p l a t e ,  drops with 
9 and 10 nodes could be  obtained a s  shown i n  Fig.  4. 
Larger volumes produced bubble break through; con- 
sequently, 10 nodes was the  maximum observed. 
In performing t h i s  experiment, a l a r g e  drop of li- 
quid was placed on t h e  hot  p l a t e  which was a t  suf- 
f i c i e n t  temperature t o  produce Leidenfrost  boil ing.  
The drop usual ly  took on a g l i t t e r i n g  e l i p so ida l  
shape. Af t e r  a shor t  time the drop surface  o f t en  
became wrinkled and then suddenly jumped i n t o  aodal 
pa t terns .  When t h i s  occurred, t he  camera was s t a r t -  
ed to  record the  v ibra t ions .  A t  any ~ n s t a n t ,  t he  
drop a lgh t  suddenly cease t o  v ib ra t e  and become 
quiesent.  Sometime l a t e r ,  a f t e r  t h e  dr,p volume has 
decreased due t o  vaporization,  it may begin v ibra t -  
i ng  again but wi th  n d i f f e r e n t  number of nodes. 
The drops .~c,rmally o s c i l l a t e  between 10 and 30 
he r t z ;  consnquently, t he  eye w i l l  not s ee  c l e a r  and 
d i s t i r c t  mode3 a s  shown on t h e  p;?otographs. Rather, 
because of the  pers is tence  of v5sion i n  t h i s  f r e -  
quency range, t he  drop w i l l  appear t o  have twice the 
a c t u a l  modes shown i n  Figs. 1 o r  4. Consequently, 
t h e  odd modes, such a s  3 ,  3, and 7 w i l l  nor  be seen 
by eye. Only an even number of nodes w i l l  be  seen. 
The radius  of t h e  drop a t  an.< time can be found from 
t h e  movie sequences. This is t h e  key va r i ab l e  i n  
t h e  co r r e l a t i ons  presented i n  t h e  theory sec t ion .  
The drop volume associ:ted with the  radius  could be 
found by knowing i t s  i n i t i a l  volume and measuring 
t h e  elapsed t i m p  of t he  drop on the  p la te .  The 
volume could CLSO be estimated from the radius  by 
using a so lu t ion  t o  t he  Laplace cap i l l a ry  equation 
The so lu t ion  of eq. (1) was performed i n  Ref. 8 i n  
which the  numerical so lu t ions  t o  eq. ( 1 )  were ap- 
proximated by the  ana ly t i ca l  so lu t ions  given i n  
t a b l e  I. The ana ly t i ca l  resu1t.s apply s t r i c t l y  f o r  
u = 0; however, they were assumed t o  apply t o  a 
up t o  5O. 
Modal Sta tes .  It was observed t h a t  the number of 
nodes f o r  which a drop would v ib ra t e  generally in- 
creased with the  surface  area  of the drop; however, 
t h i s  was not  always t rue .  A number of i deas  were 
explored t o  expla in  the  dependency of the  drop nodes 
t o  t he  radius  of t he  drop. The approach chosen was 
t h a t  of f inding a funct ional  which could be  e i t h e r  
maximized o r  minimized t o  y i e l d  t h e  dependency of 
t he  mode on drop radius.  Although t h i s  approach 
must be considered an a r t ,  i t  is  a common and power- 
f u .  technique used i n  many a reas  of engineering 
(Ref. 9 ) .  For example, i n  t h e  t heo rm oZ l e a s t  work 
i n  s o l i d  mechanics ( ~ e f .  10, p. 212), the  s t r e s s  
d i s t r i b u t i o n  i n  a body w i l l  be  t h a t  which produr.?: 
t h e  l e a s t  e l a s t i c  energy. Using t h i s  bas ic  ideh 
from so l id  mechanicfi, an ana lys i s  i s  now presented 
which looks f o r  t he  v ib ra t iona l  s t a t e  of a l i q u i d  
drop which has a minimum po ten t i a l  energy. 
To determine t h e  m d e  i n  which a l i qu id  drop vi-  
b ra t e s ,  a method of analys is  is now presented which 
considers both the  r a d i a l  and a x i a l  curvature of a 
l i q u i d  drop i n  some modal s t a t e .  ?,'he p o t e n t i a l  
energy due t o  c a p i l l a r i t y  of a s i n g l e  drop can be 
estimated by assuming a drop can be  represented by 
one ha l f  of a wavelength of a long cy l ind r i ca l  body 
of l i qu id  when displaced from i t s  equilibrium posi- 
~ L o n ,  a s  shown i n  Fig. 5. The drop i s  assumed to  
be  f r e e  of ex t e rna l  cons t ra in ts .  
The pos i t ion  vector  r of t he  surface  of t h e  drop 
can be  expre.;sed i n  a s e r i e s  form a s  
r = a f C an cos n 0 cos kz (2) 
where t he  coe f f i c i en t s  an a r e  functions of time 
of the  assumed form a a cos ( p t +  e) and where 
t he  summation s t a r t s  a? n = 1. 
For such a configuration,  Rayleigh (Ref, 4 ,  p. 353) 
hab shown t h a t  t he  surface  energy E , due t o  cap- 
i l l a r i t y ,  can b e  expressed us ing smatl perturbatiori  
theory a s  
where t he  wave number k is given a s  
The wavelength bZ A s  r e l a t ed  t o  the  drop height by 
a s  shown i n  Fig. 5, Therefore, 
The height 11 is assumed t o  be equal t o  the equil- 
ibrium height of a s t a t i ona ry  drop r e s t i ng  on a sur- 
face  wi th  a contact  angle of 180' lnonwectcd sur- 
face) ,  The values of h (Ref. 8) a r e  given i n  
table  X a s  a function of t he  volume of the drop o r  
i t s  radius,  
I t  is postulated t h a t  t he  drop w i l l  v ib ra t e  i n  thc 
mode where the  po ten t i a l  energy is near  a minimum. 
Thus, s e t t i n g  
by i ts  dimensionless form designated by t h e  s t a r r ed  
quanti ty.  For a l l  p r a c t i c a l  cases,  the dimecsion- 
l e s s  volume of t he  drop is  g rea t e r  than 0.8 ( fo r  
exmple  - f o r  water V* P 0.8 is equivalent to  
V = 0.0126 cm3); therefore ,  equations a r e  given f o r  
n only i n  t he  l a r g e  drop and extended drop domains. 
A s  seen i n  cqs. (10) and ( l l ) ,  the number of nodes 
increase  with increased radius  a* o r  tbe  volume 
of t he  drop v*. 
This does not  me,m t h a t  placing an a r b i t r a r i l y  l a r g e  
drop i n  Lcidenfrast  bo i l i ng  w i l l  cause v ibra t ions .  
The volumc may have t o  decrease t o  a t t a i n  the  prop- 
e r  s i z e  f o r  modal o sc i l l a t i qn .  Also, any extraneous 
drop motion r e s u l t i n g  from placing the l i qu id  on the 
hot p l a t e  must i n  general  d i e  out before v ib ra t ion  
can begin. 
Cqs. (10) and (11) can o l so  bc wri t ten  i n  terms of 
drop volumc a s  
In  t h i s  form the equations a r e  more ua$ful experi- 
mentally s ince  they prescr ibe  the  vol!! ~e of l i qu id  
to  be placed on the  hot  p l a t c  t o  obta: I a given 
number of nodes. Eqs. (1C) and (11). ~owe:er,  z r e  
more use fu l  f o r  co r r e l a t i ons ,  s ince  :;lr radius  can 
be read d i r e c t l y  from the  f i lms.  
and noting t h a t  the equilibrium rad ius  a is  the  fqs.  (10) and (11) a r e  compared t o  t he  data  i n  
only parameter assumed to  depend on volunlb, y i e ld s  pia.  6 .  seen i n  FIE. 6. the  theory follows the  
ge:eral trend of t h c  data  and bounds ;he data  from 
(8) below. An empirical  correc t ion  f ac to r  w i l l  now be 
3ntroduced t o  allow the  theory i n  bound the  data 
from above. 
I?or a given k and n, eq. (8) descr ibes  the drop me values of the  drop height h i n  t ab l e  I have 
radius  associa ted  with a S t a t e  of mininum W t e n t i a l  been found t o  give reasonable estimares fo r  scation- 
energy. s his is e a s i l y  Shown by taking cfle 'second ary  (nonvibroting) tlrops i n  Leidenfrost  f i lm  boil-  der iva t ive  of eq. (3) and subs t i t u t ing  i n  eq. (8) ing. However, movie sequences of the drop i n  t h e  
co y ic ld  v ib ra t ion  s t n t c  i nd ica t e  t h a t  11 i s  sometinte a s  
l a rge  a s  twice the  equilibrium heighc h. I f  the  
neight h i n  eq. (9) is mul t ip l ied  by a correc t ion  
(9) fa.:or, C f ,  then eqs. (10 and (11) become 
4 a 
0 . 8 ( v X  < 155 (14) 
Since (n2 - 1) . 0 and a 0, it follows that. 
Therefore, eq. (8) implies a s t a t e  of minimum po- 
t e n t i a l  energy. 
Csing cq. (61, eq. (8) can be rnwrit ten a s  
Subst i tu t ing  t h e  equil ibrium height from t ab l e  I 
i n t o  eq. (9) y i e ld s  
r? = 1 + 10'67 a * 0.58 < a* 5 . ~ 6  (10) i 
2 
n = 1 t 2.88 a* a* > 5.16 (11) 
where the equil ibrium radius  a has  been replaced 
Eqs, (14) and (15) can be  made t o  bracket t he  data  
reasonably well .  A value of Cf equal to  1.5 
seems t o  work f o r  t h e  intermediate drops with 4 t o  
7 nodes. For small  number of nodes l i k e  2 o r  3,  
Cf equals  2 is a good approximation where l a r g e  
drop heigltt chnngce occur during an osc i l l a to ry  
cycle. For t he  very l a rge  drops, with 8 t o  10 
nodes, t h e  drops remain r e l a t i v e l y  f l a t ;  therefore ,  
the  original theory, eqs. (10) and (11) , a r e  s t i l l  
a good approximation. 
I n  most cases,  therefore ,  the  drop can be assumed 
t o  v i b r a t e  i n  a mode t h a t  requi res  a minimum amount 
of energy. For example, tho nos t  probable number 
of nodes f o r  a 1 cm3 drop of  warof (a = 0.9 cm, 
a* - 3.57) with Cf 9 1-5 is 5 s ince  a l l  o the r  
modes of v i b r a t i o n  require  more energy t o  exc i t e  
them. Xore n ~ d e s  w i l l  appear on l a r g e r  drops while 
smaller Srops w i l l  have fewer nodes on t h e  average. 
VIBRATIONAL FREQUENCIES 
A s  mentioned i n  t h e  Introduction,  the  na tu ra l  f r e -  
quencies of t h e  drop were corre la ted  i n  Ref. 3 using 
the  equation 
Eq. (16) was derived assumin8 the drop t o  be incom- 
press ib le  with the  radius  expanded i n  terms of cos 
n 0.  Also the  devia t ion  from the  equil ibrium posi- 
t i o n  was assumed small. The der ivat ion  pa ra l l e l ed  
Kayleig11's ana lys i s  f o r  a spher ica l  drop (Ref. 4 ,  
pp. 372-375) whicll expanded the drop r ad ius  i n  
terms of Legendre's fttncrions Pa. 
I n  Ref. 3,  the  da t a  f o r  the natura l  frequencfes were 
presented i n  terms of drop volume with the  rcdius  
n i n  eq. (16) estimated from numerical so lu t ion  t o  
t he  Laplace cap i l l a ry  equation, eq. (1). I n  t h i s  
paper, these  da t a  were reanalyzed using the  equa- 
t ions  given i n  t ab l e  I. I n  addi t ion  t o  r'hose data,  
the  9 and ( 0  mode water drop shown i n  Pig.  4 ,  and 
some addi t ional  lower mode watsr dro? data  p lus  a 
3 and 5 mode ni t rogen drop were analyzed using the  
measured drop radius ,  As seen i n  Pig. 7, t he  meas- 
ured frequencies of v ibra t ion  f o r  a given number of 
nodes agree q u i t e  we l l  with the t heo re t i ca l  pre- 
d ic ted  frequencfes from eq. (16). 
Because of t h e  dishing of t he  hot p l a t e ,  the  ac tua l  
drop volume (mass) is l a r g e r  than t h a i  estimated 
from the measured radius  of t he  drop, using the  
equations of t a b l e  I. I f  t h e  drop were t ru ly  s ta-  
tionary and more pancake shaped, a s  indica ted  i n  
t ab l e  I, the  e f f ec t ive  drop radius  t o  be  used i n  
eq. (16) would be larger .  Consequently, t he  theory 
p red ic t s  sl ig ' . t ly higher frequencies than observed, 
a s  seen b; thr data in Fig. 7. 
INCIPIENT TE2i?EPATUP.E 
A s  discussed zar l ie r ,  l a r g e  drop r a d i i  a r e  required 
f o r  v ibra t ion;  wi th  l a rge  number of nodes. Unfor- 
tunately,  i n  Leidenfrost  f i lm boi l ing  when the  drop 
radius  becomes somewhat l a r g e r  than the  c r i t i c a l  
wavelength from hydrodynamic s t a b i l i t y  theory, the  
vapor breaks throrgh the  center  of t he  drop (bubble 
break through) and regular  v ibra t ions  i n  d i s t r i c t  
ncdes are  no longer possible.  
The c r i t i c a l  wavelength from hydrodynamic s t a b i l i t y  
theory i s  given a s  (Ref. 11) 
As seen i n  eq. (17), a f l u i d  with l a r g e  surface  
tension o w i l l  have a l a r g e  bc: therefore ,  u 
l a rge r  drop r ad ius  is poss ib l e  without bubble break 
through, Water has a r e l a t i v e l y  l a r g e  surface  ten- 
s ion  compared t o  o ther  common f l u i d s  such a s  Ethan- 
o l ,  Benzene, Carbon t e t r ach lo r ide  o r  l i qu id  n i t ro-  
gen: therefore ,  it i s  the  most convenient f l u i d  t o  
usc i n  t h i s  study. 
:or water, an inc ip i en t  temperature e x i s t s  below 
which f r e e  modal v ib ra t ions  do not  occur. This  in- 
c ip i en t  p l a t e  temperature f o r  water is approximtely  
412O C on s t a i n l e s s  s t e e l  and 360' C on aluminum, 
o r  about 2000 C above thc  Scidenfrost  tenperature.  
I n  t h i s  "quiescent" f i lm  bo i l i ng  region, any vibra- 
t i on  induced i n  t he  drop quickly damps out ,  Far 
t he  o the r  mentioned common f l u i d s ,  modal v ibra t ions  
can occur a s  long a s  the  p l a t e  temperature is grcaf- 
e r  than the  Leidenfrost  temperature. Bowever, be- 
cause of the  r e l a t i v e l y  low value of t he  c r i t i c a l  
wavelength, L C ,  f o r  these f l u i d s  only the  lowest 
nodal pa t tern ,  t h a t  of two node v ibra t ions ,  were 
observed on a f l a t  surface  before vapor break 
through occurred. Water, on the  o ther  hand, could 
undergo a l l  nodal pa t t e rns  from 2 t o  6 nqdes. 
A reasonable explanation f o r  t h i s  i nc ip i en t  tenpcr- 
a t u r e  involves wetting which occurs between the  
drop and the surf  ace. Nominally, i n  1,eideafro:it 
b o i l i n e  u t h in  vapor l aye r  i s  assumed t o  e x i s t  be- 
tween the  drop and the  heat ing  suriace.  Bradf i e l d  's 
photographic study (Ref. 12), I~owever, shows i h a t  
t h i n  spike6 of l i q u i d  can reach dorm and touch the  
surface .  These spikes  ean be  expected t o  r e t a r d  
the  f r e e  v ib ra t ion  of the  drop, especia l ly  f o r  
water with its l a r g e  surface  tension coe f f i c i en t .  
An o s c i l l a t i n g  drop has an extended surface  %?hic14 
increases  its po ten t l a1  f o r  touchin;, Also, the  
v ib ra t ing  drop c rea t e s  a change i n  heat  t r a n s f e r  a t  
Lhe surface  which causes thc surface  of t he  water 
t o  be much c loser  t o  the  metal surface.  
When using a hypodermic syr inge  t o  form water drops, 
a c l u s t e r  of small  steam bubbles was nlt.7ays observerl 
whenever water was placed on the  ho t  p l a t e ;  howevcr, 
no vapor bubbles were seen f o r  t he  o ther  f l u i d s .  
Therefore, water has u grea t e r  tendency t o  t l ieraally 
i n t e r a c t  with t he  hot  surface  (most l i k e l y  because 
of i ts  l a rge r  l a t e n t  heat  of vaporization) ar.d 
thereby increase  its f r i c t i o n a l  damping, The amount 
of t h i s  in terac t iof i  slas reduced by replac ing rite 
o rg ixa l  s t a i n l e s s  s t e e l  p l a t e  by an aluminum p la t e .  
T h i i  s i n g l e  change reduced t h e  inc ip i en t  v ib ra t ion  
p l a t e  temperature by 50°. This change i n  the  in- 
c i p i e n t  temperature is a o s t  l i k e l y  r e l a t ed  t o  the 
change i n  the  thermal proper t ies  ( t h e r ~ a l  conduc- 
t i v i t y ,  dens i ty ,  and s p e c i f i c  heat )  o i  t he  hot  
p l a t e ,  A s imi l a r  decrease i n  the  Leidenfrost  ten- 
pe ra tu re  was observed by replac ing n s t a i n l e s s  riteel 
su r f ace  by an ~''minum surface  (Rei 13 and 14) .  
Th i s  lower p l a t  temperature was s t l ~  a p p r o x i ~ a t e l y  
150° C above the  Leidenfrost  temperat,re. Thus, 
t he  thermal propertzes of the  p l a t e  a f f e c t  t he  v is -  
cous damping of the  drop. 
Yao and Henry (Ref. 15) performed a study of the  
f r ac t ion  of a metal  surface  wetted by l i q u i d  spikes 
which occurs f o r  a t h i n  l i qu id  i n  pool f i lm  boi l -  
ing.  They showed tha t  the  f r a c t i o n  of surface  
wet t ing  f a l l s  of f  exponentially with i n c ~ e a s i n g  
p l a t e  tempernture. Compared t o  f i lm  bo i l i ng  j u s t  
above Leidenfrost  temperature, a s  the  p l a t e  tem- 
pera ture  reaches the  thurmodynamic c r i t i c a l  tempcr- 
a ture ,  t he  percentage of surface  wetting decreases 
by about two orders  of magnitude. Therefore, the 
f r i c t i o n a l  r e t a rd ing  fo rce  on t h e  water drop can 
be expected t o  decrease s i g n i f i c a n t l y  a s  the  p l a t e  
temperature ) ( ~ p - ~ o a c h e s  the  thermodynamic c r i t i c a l  
temperature. For water, t h e  thermodynamic c r i t i c a l  
temperature i s  374" C, which i s  i n  c lose  agreement 
wi th  t he  i nc ip i en t  v ib ra t ion  temperature of water 
f o r  drops on an  aluminum hot p l a t e .  
Because of t h e  lower surface  tension and perhaps 
t h e  lower l a t e n t  heat ,  o ther  f l u i d s  such a s  Benzene, 
e t l~ano l ,  e t c .  do not have an inc ip i en t  temperature. 
Apparentiy, t he  surface  in t e r ac t ion  is  too weak LO 
prevent the  modal o s c i l l a t i o n s  of t he  l i q u i d  drops. 
Circumferential  Wave Propagation. Another phenom- 
snon, which appears much l e s s  frequently than the 
v ib tu t ions ,  is  the  generarion of a t ravel ing  wave 
around the circumference $f t he  drop, a s  shown i n  
Figs. 8 and 9. Thv wavelength observed corrcspondcd 
t o  various exacc in teger  d iv is ions  of t he  circum- 
ference; t h a t  is, 
Wave propagation V'dS rtbserved t o  occur f o r  2 t o  
6 nodes. We b e l j  rve higher nodes a r e  poss ib le  i f  
bubble break through the  random drop motion could 
b e  eliminated. 
At f i r s t ,  t h i s  e f f e c t  was mistaken a s  a general  
ro t a t i on  of t he  i rop .  IIowevcr, small  p a r t i c l e  
t r ace r s  i n  t he  drop were observed t o  remain i n  the 
same locat ion .  They followed a path roughly sim- 
i l a r  to  t h a t  shown i n  Fig. 10 f o r  a wave propagating 
along a f l a t  snrface.  
The wave phenomena f o r  water was a l s o  observed f o r  
p l a t e  temperatures below the  c r i t i c a l  i nc ip i en t  
temp~trature a s  wel l  a s  above i t ,  which is  d i f f e r en t  
f r m  the  r a d i a l l y  v ib ra t ing  drop. 
Plechanism. As y e t  we st i l l  do not  understand how 
the  v ibra t ions  begin and how they a r e  supported. 
The driving fo rce  might o r ig ina t e  from the  drop 
pe r iod ica l ly  touching the  hot p l a t e  and receiv ing 
a burs t  of energy. This t ransfer  of energy could 
occur through the  small  spikes discussed i n  con- 
junction wi th  Refs. 12 and 15. Ldge f l u t t e r  re- 
su l t i ng  from the  vapQt j e t t i n g  from beneath the 
drop could produce v e r t i c a l  v iLra t icns  which i n  
turn  could exc i t e  t hc  obsec,rrd r a d i a l  v ib ra t ion  
(see  Ref. 16 and associated f i lm  supplement which 
show the  uneven na tu re  of t he  vapor flow beneath 
t h e  drop). Uneven drople t  surface  tenrperaetre dis-  
t r i bu t ions  o r  t he  l a r g e  in t e rna l  convection cur- 
r en t s  might a l s o  i n i t i a t e  t he  v ibra t ions .  The 
l a t t e r  i s  a s t rong candidate f o r  t h e  mechanism 
which produces wave motion. However, a t  t h c  pres- 
e n t  time, the  cause of these v ibra t ions  and wave 
motions remalns unresolved. 
FORCED VIBRATIONS 
Appnrtus. To f u r t h e r  our understanding of drop 
vibra t ions ,  a hot  p l a t e  was attached to  a shaker 
t ab l e  which could be  v ibra ted  a t  var ious  frequen- 
c i e s  and amplitudes. This p l a t e  i s  s imi l a r  to  the 
previous p l a t e  used i n  t he  f r e e  v ib ra t ion  study 
except f o r  fou r  added bo l t  holes used t o  t i e  t h e  
p l a t e  onto t h e  shaker table ,  see  Fies .  3 and 11. 
E l e c t r i c a l  heater  c o i l s  were brazed t o  t he  bottom 
of the hot p l a t e .  During operation,  cooling a i r  
was passed through t h e  hold down b o l t  and beneath 
, 
the  hot p l a t e  t o  prevent heat  t r ans fe r  t o  the  
shaker t ab l e ,  a s  shown i n  Fig. 11. 
J u s t  a s  w i th  t he  f r e e  v ibra t ion  experiment, l i qu id  
was applied t o  the  h o t  p l a t e  and t h e  camera was 
used to  record the  motion whenever t he  drop began 
t o  o s c i l l a t e .  
Modal S t a t e s .  Modal s t a t e s  uiniilar t o  those ncen 
i n  f r e e  v ib ra t ion  experirrents were o b ~ c r v e d  i n  the  
force  v ib ra t ion  experiments. Fig. 12 shows n 
forced v ib rn t iona l  s t a t e  f o r  the t h i rd  and four th  
o s c i l l a t o r y  modes. I n  general ,  t h e  amplitude uf 
thfi o s c i l l a t i o n  was considerabl,  l n rge r  rhun f o r  
t h e  f r c e  v ib ra t ion  s t a t e ;  compare with Figa. 1 and 
2. Also, symmetry of t he  nodal pa t t e rn  was of ten  
lacking a s  i n  t he  fou r th  modal s t a t e  of Fig,  12, 
A s  the  amplitude of t he  s t~ake r  p l a t e  \:an increased 
the  e longa t io~ l  of the nodes was noticeably increns- 
ed. Fig. 12 depic ts  a l a rge  amplitude vibra t ron of 
a 3 node drop. Further increases  i n  t h e  o sc i l l a -  
t i o n  anpl i tude  of t h e  shakcr t ab l c  caused thr? drop 
t o  s p l i t  aparL. This is t rue  f o r  a l l  modal r;;rspes. 
Vibrational Frequencie?. laenover t he  drop was ob- 
served t o  v ib ra t e  under forced cond i t i o r ,~ ,  the f re-  
quency of o s c i l l a t i o n  was Cound t o  be near ly  equal 
t o  the  dr iv ing frequency of the  sitakr~r tahlc .  The 
na tu ra l  frequency of the  drop a s  ca lcula ted  f ron  
eq. (16) i s  a l s o  shown i n  Pig.  13, Tho ca lcula ted  
n a t u r a l  frequencies a r c  s l i g ? ~ t l y  l ebs  than thc  
dr iv ing frequetrcy. This is somcwltat burprir:irig, 
sJnce i n  forced v ibra t ion  the  deviations frorl 
equil ibrium a r c  exceptionally l a rge  when compared 
t o  f r e e  v ibra t ions .  Recall ,  t h a t  the der ivat ion  
f o r  t he  ~ a t u r a l  frequency was ba:,ed on a small pcr- 
turbot ion  theory,  
I n c i p ~ s n t  femperaturg,. I iater could be forced v i -  
bra ted  a; any tempcrat.urc z r ea t c r  khan the Teiden- 
f r o s t  :empcr&~ure, ~ p p a r c n t l y ,  t:ze dr iv ing force  
was s u f f i c i e n t l y  l a rge  t o  over cone any d a ~ p i n p  by 
t h e  s u r f ~ c e  on the  drop. In  f a c t ,  the  photographic 
r e s u l t s  shown i n  Fig. 12 were perfomed on a p l a t e  
whose temperature was below the inc ip ient  vibrritftrr~ 
iempcrature. 
Vave lfotion. TJave motion s imi l a r  t o  t ha t  bhom i n  
Figs .  9 and 10 was a l s o  observed i n  t he  foraed v i -  
b ra t ion  experiment.;. 
CONCLUSIONS 
1. The v ib ra t iona l  cnerCy contained i n  a drop is 
d i t e c t l y  r e l a t ed  t o  thc  radius  oT the drop and thc  
number of nodes. In  most cases ,  the  drop w i l l  vi-  
b r a t e  i n  a mode t h a t  requi tch  a minimum of energy 
t o  exc i t e .  
2 .  Tkere is  good agreement between tl:c thecrec t i -  
c a l l y  ca lcula ted  na tu ra l  frequencies and thc  ob- 
served v ib ra t iona l  frequencies of drops. 
3,  J'UI i nc ip i en t  temperature was f ~ u n d  below c~hich  
f r e e  o s c i l l a t i o n s  of a water drop do not  occur. 
This temperature could be apprrjxinatcd by t h c  
thormodynamic c r i t i c a l  temperature. Below tl~i , ;  
tempernodre, wet t in8  between the drop and i t s  sup- 
por t ing  p l a t e  exe r t s  a su f f i c i cnc  re tarding fo rce  
t o  prevent o s c i i l a t i o n s ,  
4. Wave motion cart cx iQt  along thc  citrcumtrrencr of 
t h e  drop. The wavelength of t l ~ i s  notion corre- 
sponds t o  varPous exact i n t ego r  d iv is ions  of t h e  
circumference. 
5 .  The na tu ra l  modes uf f r ~ e  v l h r t ~ t i o n  a r e  cxcep- 
Lion ~ l l y  d i s t i n c t  and vip.,rous. l'nder forced v i -  
brc~f,ion conditions,  s imi l a r  d i s t i n c t  v ib ra t ions  
a r e  GeCn; however, the  s i m i l a r i t y  of motion of a l l  
t he  modes a r e  noc observed. Rather, t h e  drop maybe 
somewhat d is tor ted .  I f  t h e  amplitude of t he  osc i l -  8. S c h o e s s ~ ,  G. J* and Baumeister, K. J., "Mass 
l a t i n g  force  i s  s u f f i c i e n t l y  increased, the  v ibra t -  Dif fus iv i ty  E f fec t s  on Droplets i n  Film Boil- 
i ng  drop w i l l  s p l i t  i n r o  fragments. ing," AIChE Symp. Ser ies  No. 12, 68, 156 
11972). . ,
6, Small per turbat ion  theory seems t o  reasonably 
predSct the  na tu ra l  frbquency of both f r e e  and f a r  9. Tribus,  H., Theratoecarics and Thermodynamics, 
forcud vibra t in l :  drops even f o r  e x c e ~ t i o n a l l v  1a:oe Ch, 3, D. Van Nostrand, Princeton, N. J. (1961 '.,.*.. 
amolitudes of vibration.  ( l Y 0 l ) .  
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